The degree of oxidation of carbon atoms in organic molecules depends on the covalent structure. 6 In proteins, the average oxidation state of carbon (Z C ) can be calculated as an elemental ratio from 7 the chemical formula. To investigate oxidation-reduction (redox) patterns, groups of proteins from 8 different subcellular locations and phylogenetic divisions were selected for comparison. Extracellu-9 lar proteins of yeast have a relatively high oxidation state of carbon, corresponding with oxidizing 10 conditions outside of the cell. However, an inverse relationship between Z C and redox potential oc-11 curs between the endoplasmic reticulum and cytoplasm; this trend is interpreted as resulting from 12 overall coupling of protein turnover to the formation of a lower glutathione redox potential in the cy-13 toplasm. In Rubisco homologues, lower Z C tends to occur in organisms with higher optimal growth 14 temperature, and there are broad changes in Z C in whole-genome protein compositions in microbes 15 from different environments. Energetic costs calculated from thermodynamic models suggest that 16 thermophilic organisms exhibit molecular adaptation to not only high temperature but also the reduc-17 ing nature of many hydrothermal fluids. A view of protein metabolism that depends on the chemical 18 conditions of cells and environments raises new questions linking biochemical processes to changes 19 on evolutionary timescales. 20 1 22
: Average oxidation state of carbon (Z C ) in amino acids compared with (a) Z C in first two bases of the corresponding RNA codons and (b) hydropathy index of the amino acids taken from Kyte and Doolittle, 1982 [24] . Standard one-letter abbreviations for the amino acids are used to identify the points. In (a), the different codon compositions for serine (S) and arginine (R) are indicated by letters below the symbols, and some amino acid labels are shifted for readability. In (b), labels for asparagine (N) and glutamine (Q) are omitted for clarity; they plot at the same positions as aspartic acid (D) and glutamic acid (E), respectively.Only proteins of sequence length greater than or equal to 50 amino acids are considered. In the normal probability plots the lines are drawn through the 1st and 3rd quartiles, indicated by the crosses. Table 1 : Summary of Z C of proteins in subcellular locations of yeast. Numbers of proteins (n) in SGD associated with the indicated GO terms are listed. The numerators of the fractions denote membraneassociated proteins that are also listed as "integral to membrane" (GO:0016021); only these proteins were used in the calculations of Z C . Figure 6 : Average oxidation state of carbon in total combined proteins from sequenced microbial genomes. Sequences of microbial proteins were taken from NCBI RefSeq release 61. Only organisms with total sequenced protein length greater than 100,000 amino acids were used, leaving 6323 organisms. The group on the left-hand side is identified by substring matches in the scientific name of the organism; the terms were chosen to emphasize environmental variation. The group on the right-hand side consists of the indicated genera, emphasizing organisms of clinical and biotechnological relevance. The final category represents total proteins from all microbial genomes meeting the minimal size requirement, many of which are not shown in the other categories. excluded; however, some that were tested were found to have considerably lower Z C . The selection of 314 organisms was made in order to represent a variety of optimal growth temperatures (T opt ) as reported in 315 the studies cited in the table .
316
A comparison between T opt and Z C of Rubisco is presented in figure 7 . The Z C of Rubisco are somewhat 317 higher than the bulk protein content of the organisms; compare for example the values for Pyrococcus To a first approximation, energetic considerations predict that more reducing conditions tend to favour 330 formation of proteins with relatively lower Z C , and vice versa. To assess the directionality and magnitude 331 of chemical forces on the evolutionary transformations of proteins, the energetics of reactions can be 332 calculated using thermodynamic models. Because the timescales of evolution are much longer than 333 transformations of biomolecules during metabolism, a discussion of the assumptions underlying the 334 application of thermodynamic theory to biochemical evolution is warranted.
335
The calculation of equilibrium provides a quantitative description of the state of a system in an energy 336 minimum. The assumption of equilibrium is the foundation for many models of inorganic processes in 337 geochemistry. Although the metabolic formation of proteins and other biochemical constituents proceeds 338 in a non-equilibrium manner, using the equilibrium state as a frame of reference makes it possible to 339 compare the energetics of living systems quantitatively ("how far from equilibrium").
340
In energetic terms, adaptation can be defined as a problem of optimal efficiency, with trade-offs between the related concepts of equilibration, energy minimization, and maximum entropy. In an evolutionary context, these concepts have often been defined by analogy to their definitions in thermodynam-348 ics [82, 84]. The current discussion instead considers the possibility of direct application of chemical 349 thermodynamics (the geochemical approach) to formulate a quantitative description of patterns of protein 350 composition. The major assumption used in the following discussion is that energetic demands of pro-of dissolved hydrogen in hydrothermal fluids are higher, and mixed hydrothermal-seawater fluids have a reducing potential that favours formation of relatively reduced amino acids [8] . Redox potential is a 395 major variable affecting the energetics of protein formation at different temperatures; therefore, adapta-396 tion to minimize biosynthetic costs in high-temperature environments is likely to have more than just a
